INTRODUCTION
Vineyard spatial variability has always concerned grape growers and has been considered in many recent researches in viticulture. The sources of this variation involve climate, land (topography and soil composition, including water and nutrient availability), and diseases. Previous research has focused on vine vegetative expression and vigor variability, but also on yield and grape characteristics (Tisseyre et al., 2008 ; Bramley et al., 2011 ; Arnó et al., 2012) .
One of the most easy, fast and feasible tools to assess vineyard variation is remote sensing. Spectral sensors mounted on satellites, or cameras in airplanes or drones, collect information of vegetation reflectance in a range of wavelengths. These data are translated into a single number or index, the most commonly used being the NDVI (Normalized Difference Vegetation Index), which involves infrared and near-infrared wavelength (Rouse et al., 1974) . NDVI provides accurate information about photosynthetically active biomass and canopy size (Dobrowski et al., 2003 ; Hall et al., 2003 ; Johnson et al., 2003) , that is, vegetative expression. Authors have tried to assess NDVI as a predictor of other vineyard characteristics, such as yield (Proffitt and Malcolm, 2005) and grape composition, specially anthocyanins and polyphenols (Johnson et al., 2003 ; Lamb et al., 2004 ; Bramley, 2005 ; Hall et al., 2011 ; Fiorillo et al., 2012 ; MartinezCasasnovas et al., 2012) , with variable results.
The effort to relate NDVI as a predictor of grape composition has not always been successful since the factors influencing grape quality are numerous and complex. It is assumed that the ratio between leaf area and yield needs to reach a minimum threshold to assure proper ripening (Kliewer and Dokoozlian, 2005) . In this concern, vegetation indices could give valuable information. Regarding anthocyanins, their synthesis and accumulation is highly dependent on temperature and light. In this respect, most of the studies relating vigor and grape quality have revealed that high vigor vines present less anthocyanin content than low vigor vines (Lamb et al., 2004 ; Stamatiadis et al., 2006 ; Cortell et al., 2007 ; Hall et al., 2011 ; MartinezCasanovas et al., 2012 ; Filippetti et al., 2013) . This may be explained by the fact that most of these studies have been carried out in rather cold climates, where bunch light exposure and temperature are limiting factors. Moreover, these studies usually analyze anthocyanins in terms of concentration (mg/kg or mL/kg), so berry size has a major influence on these values. Anthocyanins being only present in the skin, the smaller the berry, the smaller the volume (and liquid phase), and thus the higher the skin : pulp ratio, leading to higher anthocyanin concentrations in the obtained musts (Coombe and Iland, 2004) . Then, it would be more appropriate to consider absolute anthocyanin synthesis (for instance, mg/cm 2 of skin) for a better comprehension of the synthesis of this compound from a plant physiological point of view. Besides, climate is facing a global warming in which grape growing regions boundaries are changing, and predictions reveal an increase of about +2.5°C in the next decades (IPCC, 2007) . Temperate and warm climates are experiencing unusual temperature increases, causing decoupling between sugars and anthocyanins and altering their accumulation and degradation pathways (Schultz and Jones, 2010) .
Thus, several studies reveal that anthocyanin synthesis positively depends on temperature, but it is restrained by temperatures above 26°C (Kliewer and Torres, 1972 ; Iland and Gago, 2002 ; Sadras and McCarthy, 2007) . Temperatures above 30°C may lead to less concentration in anthocyanins by impairing their biosynthetic pathways and promoting their degradation (Mori et al., 2005 ; ; it is, moreover, crucial to consider that grape bunches exposed to sunlight may reach 10°C above air temperature (Pieri and Fermaud, 2005 ; Pereira et al., 2006) . From this perspective, under very high temperature and sunlight conditions, we can speculate that high vigor vines presenting high leaf density in the bunch area could maintain the grape bunches cooler and protected, accumulating more anthocyanins than low vigor vines. This study focuses on the influence of different vigor levels on the vegetative, productive and grape quality response, and particularly on the anthocyanin content.
MATERIALS AND METHODS

Study area
The study was carried out in a commercial vineyard of 14 ha planted with Vitis vinifera cv. Tempranillo, located in Laguardia (Alava, Rioja Appellation, North Spain) (ETRS89 UTM 30N, coordinates 531930, 4712532, 570 m altitude) (Figure 1 ). The vineyard was planted in 1985 with vines grafted on 41B to a row spacing of 2.80 x 1.20 m and was non-irrigated. The canopy was vertically shoot positioned. Rioja-typical spatially uniform management was carried out in the whole vineyard : cordon-pruning (12 buds/vine) and shoot thinning to 12 shoots/vine in June.
Climate and soil characterization
Climate data were collected from a station nearby the vineyard for the 4 years of study. Average, maximum and minimum temperature, rainfall and average air relative humidity are presented in Table  1 .
Two main soil types were described in the different vineyard zones (low vigor hillside and high vigor valley hollow) : Vertic haploxerept (with clayey texture and deep cracks in summer) and Aquic haploxerept (with redox depletions with low chroma and saturated with water in some parts, usually in winter and/or spring) (Soil Survey Staff, 2010) . The soil profiles were described using the SINERADES handbook (CBDSA, 1983) . Samples of all the horizons were analyzed in an external laboratory, using the Olsen method for phosphorus and 1 M ammonium nitrate extraction for potassium and magnesium. Bulk density was calculated by the weight after drying at 105°C of a soil sample taken with a metallic cylinder (Eijkelkamp, Giesbeek, Holland). Water holding capacity was calculated using a suction plate equipment (Soil Moisture Equipment Corp., Santa Barbara, CA). Results of the soil pits are presented in Table 2 .
NDVI maps
Multi-spectral airborne remote sensed imagery (0.50-m resolution) was acquired by a commercial provider (SpecTerra Services Pty Ltd, Leederville, Australia) at véraison (Lamb et al., 2004) (Rouse et al., 1974) . Pixels corresponding to soil were removed by means of a threshold NDVI value. NDVI values along the vine rows were interpolated to create a continuous NDVI map for further clustering analysis. Therefore, the study area was classified into two zones using the ISODATA algorithm in ArcGIS (ESRI ArcMAP 9.2, ESRI Inc. Redlands, CA) applied to the continuous NDVI map (Figure 2 ). Analysis of variance (ANOVA) and LSD-Fisher comparison was performed for all parameters in order to verify the differences between the two zones. Infostat software (Infostat version 2012, Córdoba, Argentina) was used for those statistical analyses.
Vine sampling and measurement of vegetative, yield and grape composition parameters
Based on the differences observed in the field, 42 vines were selected for sampling in the experimental area. The same target vines were sampled during the 4 years. The vines were georeferenced with a Thales Mobile Mapper GPS (Thales Navigation Inc., San Dimas, CA, USA) (accuracy < 1 m after post-processing) and rechecked in the field. Vine sampling was carried out three times per season : at véraison, immediately before harvest, and after leaf falling. At véraison, vegetation parameters were measured twice in each target vine : total shoot length (as the sum of length of the shoots plus laterals), exposed leaf area, and total leaf area (as the sum of the main leaf area and secondary leaf area). At pre-harvest, yield and grape parameters were measured. Grape yield was ! Abbreviations : Avg = average, Max = maximum, Min = minimum, Acc = accumulated measured as kg/vine, and samples of berries were packed for subsequent analysis. Berry weight was determined by weighting 50 berries randomly selected from each sample. Potential alcoholic degree, as a quantification of sugar content, juice pH and total titratable acidity were determined following the OIV methods. Part of the sampled grapes were frozen (-20°C) for color analysis (mg/L of extractable anthocyanins) and phenolics at a later date, for which the Glories method (Glories, 1984) was used. Anthocyanin content by skin surface was determined by calculating berry volume from berry weight and considering an average density of 1.1 for 25 °Brix. In each year, in winter, pruning weights were measured on the same target vines after manual pruning.
RESULTS AND DISCUSSION
In order to compare the temperature differences in the 4 years of study, the Winkler Index was calculated (accumulated degrees > 10°C, Figure 4) . Climatic data (Table 1) show that the most important months in grape ripening in our region (August and September) were hotter in 2011 and 2012. Rainfall was clearly higher in 2013 (+140 mm on average). Rainfall distribution was also remarkable. Total rainfall in 2010 was not very high but concentrated before véraison, in a way that water stress was not very high. Year 2012 was the most affected by droughts, since precipitation in winter was really low and also during the vegetative period. Late rains in October occurred after harvest, so omitting October, it was the driest year. On the contrary, 2013 was very wet during the whole season. Regarding soil description (Table 2) , the hillside soil presented, in general, less organic matter content and nutrients (P and K). As expected, the water holding capacity was greater in the valley hollow soil (203 vs 137 mm). Table 3 shows the result of vegetative, yield and grape composition parameters, with the mean of each parameter for every year within the zones resulting from the unsupervised clustering of NDVI interpolated data. All parameters related to vigor showed significant differences within the zones (total shoot length, leaf areas, pruning weight).
Leaf to fruit ratio was always higher in the high vigor zone, due mainly to the bigger vine development rather than to yield variations. In any case, all ratios were always over 1 m 2 /kg, which is considered as the threshold for proper grape ripening (Kliewer and Dokoozlian, 2005) .
The yield of high vigor vines was greater than that of low vigor ones, although with no significant differences. Bunch weight increased with vigor, as well as berry weight. It could therefore be deduced that bigger berries led to heavier bunches, producing higher yields.
Regarding grape composition parameters, sugar content decreased as vigor increased, being significant only in 2011 and 2012. These results agree with reported reductions in sugar accumulation due to fruit shading and vegetative growth (Kliewer et al., 1967) . No differences were found in total acidity, although juice pH was lower in low vigor zones in 2010 and 2012. For an equivalent total acidity, this trend can be explained by a reduction in malic acid concentration and a higher proportion of tartaric acid, which has more acidic power. Low vigor vines usually have less malic acid contents (Smart et al., 1985) , due to a decreasing synthesis and also because highly exposed bunches experience high temperatures, which lead to malic combustion (Martínez de Toda and Balda, 2014).
Total phenolics presented no significant differences over the 4 years, although low vigor zones usually had the highest levels. This may be explained by a higher sunlight exposition of the bunches, which is consistent with previous studies where phenolic compounds were found to increase with increasing exposition, even if anthocyanins reached a maximum threshold (Bergqvist et al., 2001 ; Ristic et al., 2007) .
Concerning anthocyanins, high vigor vines presented higher concentrations than low vigor ones in 2010, 2011 and 2012 ; in 2013, the trend was just the opposite. Many previous studies linking vigor and anthocyanins state that low vigor zones tend to exhibit the highest levels of these compounds.
Other authors, in a research in a Sangiovese vineyard in Tuscany (Italy), found that in some years, the highest values of anthocyanins were in the medium vigor block (Fiorillo et al., 2012) . According to these authors, these vines may experience moderate water deficit and moderatehigh light exposure in the fruiting zone, as compared with the other zones. Conversely, low vigor vines may suffer from strong water deficit, resulting in a severe photosynthesis restriction and ripening downshift (Hardie and Considine, 1976) . Given that the leaf to fruit ratio in all vines is high enough to achieve ripeness, differences in anthocyanin contents may be explained by exposure and temperature effects. Some authors have reported that high sunlight exposures may lead to high berry temperatures and reduction of anthocyanin accumulation (Kliewer et al., 1967 ; Haselgrove et al., 2000 ; Spayd et al., 2002) . Color enzyme activity takes place in a range of 17 to 26°C (Iland and Gago, 2002 ; Sadras et al., 2007) . After véraison, temperatures above 30°C could inhibit anthocyanin synthesis (Kliewer and Torres, 1972 ; Mori et al., 2007) . Bergqvist et al. (2001) and Spayd et al. (2002) observed that the temperature of fully exposed fruit was 10°C higher than that of shaded fruit and that the fully exposed fruit was also significantly warmer than the ambient air temperature. Then, high vigor vines, which create more shading effects in the bunch area, may be protecting grapes from high temperatures during the ripening period, leading to higher anthocyanin and color contents (de la Fuente et al., 2007) . As stated before, most previous studies consider anthocyanins in terms of concentration in macerated musts (mg/L), the skin : pulp ratio playing a major role in the results. In order to assess the absolute anthocyanin synthesis, results were calculated also on a skin surface basis. The results expressed in these units better reveal these trends.
2013 being a considerably cooler year, light and temperature were limiting factors for anthocyanin synthesis, and thus low vigor vines presented the highest levels. In order to study this, a revision of daily maximum temperatures during the ripening period (after véraison) was made for all the years of study (Table 4 ). This table reflects how intervals of maximum temperature (>35°C) in this critical period were widely longer in 2012, followed by 2011 and 2010. There were no temperatures over 35°C in 2013. Another aspect of the issue is the level of vine development or vigor in all the years of study, considering that "a low vigor vine" in a particular year is not the same as in another one. 2011 and 2012 were particularly dry years, where vine development was lower than in 2010 and, mainly, 2013 . This can be easily observed in the total shoot length of the four seasons of study in Table 3 . In this way, low vigor vines in 2011, and probably in 2012, were more exposed to sunlight and therefore to higher temperatures than low vigor vines in 2010 and 2013, experimenting to a greater extent anthocyanin synthesis downshift and degradation.
In the current climate change scenario, there is a general concern about increasingly high sugar level grapes not accompanied by phenolic maturation. Sugar synthesis enzyme activity ranges stably from 18 to 33°C, whilst pigment production presents less plasticity (17-26°C) (Iland and Gago, 2002 ; Sadras et al., 2007) . The increase in the temperatures may favor the northern grape growing regions, but in temperate-warm areas we are assisting a technological, phenolic and aromatic ripeness mismatch (Schultz and Jones, 2010) .
CONCLUSIONS
This research presented the variations in two vigor levels in a Tempranillo vineyard, in terms of vine development, yield and grape composition. From a climate change perspective, the 4 years of study presented opposite climatic characteristics : years 2011 and 2012 were extremely dry and hot, whilst 2010 was moderated, and 2013 was significantly cooler and wetter. As expected, for all the years of study, high vigor vines demonstrated higher vegetative growth, as well as higher berry and bunch weights, which translated into greater yield. Regarding grape characteristics, a sugar/anthocyanin mismatch in the hotter years was found, showing high sugar levels and low anthocyanin contents in the low vigor vines. In all the years except 2013, we found particularly relevant the unexpected positive relationship between vigor and anthocyanin contents, with significance in 2010 and 2011, and similar trend in 2012. This might be due to important environmental influences involving vine microclimate (temperature and exposure), suggesting that in warm areas, anthocyanin accumulation may be favored in high vigor vines through reduced exposure of bunches to sunlight. 
